Neurons encode information and communicate via action potentials, which are generated following the summation of synaptic events. It is commonly assumed that action potentials reset the membrane potential completely, allowing another round of synaptic integration to begin. We show here that the conductances underlying the action potential act instead as a variable reset of synaptic integration. The strength of this reset is cell type-specific and depends on the kinetics, location, and timing of the synaptic input. As a consequence, distal synapses, as well as inputs mediated by N-methyl-D-aspartate receptor activation, can contribute disproportionately to synaptic integration during action potential firing.
Neurons encode information and communicate via action potentials, which are generated following the summation of synaptic events. It is commonly assumed that action potentials reset the membrane potential completely, allowing another round of synaptic integration to begin. We show here that the conductances underlying the action potential act instead as a variable reset of synaptic integration. The strength of this reset is cell type-specific and depends on the kinetics, location, and timing of the synaptic input. As a consequence, distal synapses, as well as inputs mediated by N-methyl-D-aspartate receptor activation, can contribute disproportionately to synaptic integration during action potential firing.
Most neurons fire action potentials (APs) continuously in vivo. As a consequence, APs and synaptic potentials are constantly interacting during normal brain function. The pioneering work of Eccles and colleagues in spinal motor neurons (1, 2) suggested that APs can reset the membrane potential during an excitatory postsynaptic potential (EPSP), consistent with the large conductances underlying the AP (3). This "shunting" behavior of APs is incorporated into integrate-and-fire models of neurons, where APs typically generate a complete reset of synaptic integration (4) . Most neurons, however, have extended dendritic trees and cannot be described by a single electrical compartment. Furthermore, recent experiments have demonstrated that different neurons express different voltagegated channels (5), which are not uniformly distributed over the neuronal membrane (6) . This raises the possibility that in different neurons and at different synapses, APs will shunt EPSPs to different extents.
To examine this possibility, APs were paired with EPSPs during whole-cell patchclamp recordings from neocortical layer 5 pyramidal and cerebellar Purkinje neurons in rat brain slices (7) . Subtraction of APs elicited in isolation from paired responses revealed that the EPSP remaining after the AP (the "shunted EPSP") was greatly reduced both in peak amplitude and integral (Fig. 1A) . The magnitude of this EPSP shunting depended on cell type. In pyramidal neurons, APs reduced EPSP amplitude to 30 Ϯ 3% (n ϭ 10) of control EPSP amplitude at the same time point (8), whereas EPSPs in Purkinje neurons were reduced to only 73 Ϯ 3% of control ( Fig. 1B ; n ϭ 7; P Ͻ 0.05). In both cell types, large (Ͼ6 mV ) and small EPSPs (Ͻ2 mV ) were shunted to a similar extent (P Ͼ 0.05).
EPSP shunting was highly sensitive to the relative timing of the AP and the EPSP. Shunting was maximal when the AP was initiated after EPSP onset and absent when the AP occurred more than 15 ms before the EPSP (Fig.  1C ) (9). These findings suggest that EPSP shunting is generated predominantly by the AP itself, rather than conductances activated during the after-hyperpolarization (AHP). Consistent with this, EPSP shunting was similar in pyramidal neurons recorded with a pipette solution containing 20 mM 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid (BAPTA) to block the calcium-dependent AHP (10) (26 Ϯ 12% of control, n ϭ 7; P Ͼ 0.05). To investigate whether shunting of EPSPs by APs is mediated by a change in driving force of the synaptic conductance, we mimicked EPSPs with somatic current injection (11). At times when the synaptic conductance should be active (AP onset 3 ms after EPSP onset), shunting of EPSPs generated by somatic current injection (30 Ϯ 5% of control) was similar to that of evoked EPSPs (29 Ϯ 6% of control, n ϭ 4; P Ͼ 0.05). This indicates that the conductances underlying the AP, rather than changes in synaptic driving force, generate EPSP shunting.
Shunting of EPSPs generated by current injection depended strongly on the kinetics of the injected waveform, with EPSPs generated by using slow kinetics being shunted less than those generated by using fast kinetics (Fig. 2, A and B) . Shunting of EPSPs generated by identical somatic current waveforms was always less in Purkinje neurons (Fig.  2B ). This indicates that differences in EPSP shunting between pyramidal and Purkinje neurons (Fig. 1 , B and C) are mediated by cell-specific differences in the AP rather than differences in excitatory postsynaptic current (EPSC) time course. In support of this idea, APs in neocortical pyramidal neurons are significantly broader than in Purkinje neurons (half-width 0.39 Ϯ 0.02 ms (n ϭ 5) versus 0.15 Ϯ 0.01 ms (n ϭ 4); P Ͻ 0.001).
The dependence of shunting on EPSC kinetics (Fig. 2B) suggests that EPSPs generated by transmitter-gated channels with slower kinetics will experience less shunting. Consistent with this idea, N-methyl-D-aspartate (NMDA) receptor-mediated EPSPs were shunted far less by APs timed at their peak (90 Ϯ 8% of control; n ϭ 8) than EPSPs mediated by activation of ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)-type glutamate receptors ( Fig. 2C ; 22 Ϯ 4% of control; n ϭ 6). The relation between EPSP shunting and AP timing was also different for the two types of EPSPs. NMDA EPSPs evoked simultaneously with or after the AP experienced little or no shunting, whereas shunting similar to that for AMPA EPSPs was attained when APs were evoked more than 20 ms after NMDA EPSP onset (Fig. 2D) . The difference between shunting of EPSPs mediated by AMPA and NMDA receptors was further enhanced for NMDA EPSPs recorded in physiological concentrations of Mg 2ϩ (1 mM), where relief of Mg 2ϩ block (12, 13) could boost appropriately timed NMDA EPSPs (Fig. 2D) .
Our finding that EPSP shunting is mediated primarily by the AP itself suggests that shunting may be greatest close to the soma, near the site of AP generation in the axon (14). We therefore generated EPSPs by current injection at different dendritic locations and examined shunting both at the site of EPSP origin and at the soma. The EPSP arriving at the soma was always shunted more than the EPSP at its site of generation in the dendrites (Fig. 3A) , with a clear relation between the magnitude of shunting at the site of EPSP generation and distance from the soma (Fig. 3B ). This result indicates that shunting is relatively ineffective at distances greater than ϳ300 m from the soma (Fig. 3 , A and B). These experiments also allowed us to assess whether shunting of EPSPs at the soma depends on synaptic location (15). Indeed, somatically recorded EPSPs generated by dendritic current injection (408 Ϯ 17 m from the soma, n ϭ 5) were shunted significantly less than those generated by current injection at the soma ( Fig. 3C ; somatic current injection 33 Ϯ 4% of control versus 68 Ϯ 4% for dendritic current injection; P Ͻ 0.005) (16). To examine the contribution of dendritic conductances activated by backpropagating APs to EPSP shunting, we blocked backpropagation by dendritic application of tetrodotoxin (TTX) (Fig. 3D) . At the soma, shunting of EPSPs generated by dendritic current injection (290 Ϯ 16 m from the soma) was unchanged after application of TTX (control: 24 Ϯ 5%; dendritic TTX: 18 Ϯ 3%; n ϭ 5; P Ͼ 0.05), despite a 57 Ϯ 8% reduction in backpropagating AP amplitude at the site of EPSP generation (Fig.  3D) (17) . These results indicate that conductances in the apical dendrite activated during backpropagating APs do not contribute significantly to EPSP shunting at the soma.
Simulations using neuronal models were used to gain more insight into the mechanisms of EPSP shunting by APs. Some key features of EPSP shunting could be reproduced in a singlecompartment model (18) by using brief rectangular conductance pulses in the nanosiemens range to represent the AP (Fig. 4, A and B) . Increasing the duration-and thus also the integral-of the conductance pulse increased the extent of EPSP shunting (Fig. 4B) , consistent with the idea that differences in AP width underlie differences in EPSP shunting in pyramidal and Purkinje neurons (Fig. 1, B and C) . We also observed shunting of EPSPs using realistic AP conductances in compartmental models with morphologically realistic geometries (19).
Finally, we examined the effect of EPSP shunting by APs on temporal summation at the soma of neocortical pyramidal neurons. EPSPs were generated by somatic current injection, and temporal summation of two EPSPs was quantified by measuring the peak current required for the second EPSP to reach AP threshold. These experiments revealed that when an AP occurred during the first EPSP, the efficacy of the second input was similar to when the AP was evoked on its own (Fig. 5, A to D) . This indicates that APs can significantly reduce temporal summation of EPSPs. Summation generated by EPSPs with slow current kinetics was less affected by an intervening AP (P Ͻ 0.05), consistent with reduced shunting of slower EPSPs (Fig. 2) . These results are summarized in Fig. 5E , and demonstrate that the effect of APs on temporal summation will depend on the extent to which they shunt coincident synaptic input.
Our findings provide a fresh perspective on the role of APs in synaptic integration. Rather than simply riding on top of EPSPs, the large conductances activated during the AP influence integration by rapidly shunting synaptic charge from the membrane. The reset of synaptic integration is not complete, however, as in classical integrate-and-fire models (4 ). Rather, a variable amount of synaptic charge survives each AP, depending on neuronal type, the relative timing of the AP and the synaptic input, and the kinetics and location of the synaptic conductance. As many neurons fire APs at high rates in vivo, integration will only take place over a narrow time window unless mechanisms are in place to mitigate shunting. It is noteworthy that Purkinje neurons fire at unusually high rates in vivo [Ͼ50 Hz (20)] and show much less shunting than pyramidal neurons, possibly because they have optimized their AP conductances to minimize shunting. Other neurons may achieve the same result by using slower synaptic conductances, such as those mediated by NMDA receptors (which Purkinje neurons lack). Finally, as distal inputs survive shunting, we predict that they will contribute disproportionately to synaptic integration during high levels of AP firing. By defining multiple spatial compartments and temporal windows for summation of synaptic inputs, shunting of synaptic potentials by APs represents a powerful computational mechanism influencing the way neurons integrate the many thousands of synaptic inputs they receive. EGTA concentration was raised to 1 or 10 mM; in others, EGTA was replaced by 20 mM BAPTA, which increased AP half-width from 0.47 Ϯ 0.04 ms to 0.61 Ϯ 0.08 ms as BAPTA diffused into the neuron. The APs were elicited by brief somatic current pulses (0.5 to 2 ms, 2 to 5 nA) or by axonal stimulation via a patch pipette filled with extracellular solution. These methods resulted in similar degrees of shunting in neocortical pyramidal neurons (21 Ϯ 2% versus 27 Ϯ 5%; n ϭ 5; P Ͼ 0.05). EPSPs were evoked by extracellular stimulation in layer 5 or layer 2/3 in neocortical slices and in the molecular layer in cerebellar slices. In some cases, AMPA EPSPs were evoked in the presence of bicuculline (20 M) and D,L-2-amino-5-phosphonovaleric acid (APV, 50 M), whereas NMDA EPSPs were evoked in the presence of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 M), bicuculline (20 M), and 0.1 or 1 mM Mg 2ϩ . All data are presented as means Ϯ SEM. 8. Shunting was quantified as the percentage change in the peak amplitude of the shunted EPSP after the AP relative to that of the control EPSP at the same time point. To assess the degree of shunting, the AP onset was timed to occur 10 Ϯ 0.5 ms after EPSP onset, unless otherwise indicated. 9. The shape of the timing curve was similar for the peak and integral of the shunted EPSP. 10. J. F. Storm, Brain Res. 435, 387 (1987). 11. The EPSPs were mimicked by injecting current waveforms via somatic or dendritic recording pipettes. The kinetics of the standard waveform was rise ϭ 0.3 ms and decay ϭ 3 ms. Shunting was similar when the polarity of the current waveform was reversed (22 Ϯ 3% of control; n ϭ 4). 12. L. Nowak, P. Bregestovski, P. Ascher, A. Herbet, A.
Prochiantz, Nature 307, 462 (1984). (C) A preceding antidromic AP timed to occur 5 ms after the first EPSP did not significantly affect the current threshold for AP generation (1.10 nA). (D) When the preceding antidromic AP and EPSP were combined, the current threshold for AP generation (1.01 nA) was similar to that in the absence of the preceding EPSP, suggesting strong shunting of the preceding EPSP. (E) Summary of results from five neurons. The ratio of the current threshold for AP generation with a preceding EPSP, AP or EPSP/AP combination compared to the current threshold without any preceding event. "Fast" EPSPs were generated by current waveforms with rise ϭ 0.3 ms and decay ϭ 3 ms [as in (A) to (D)]; "slow" EPSPs were generated by current waveforms with rise ϭ 2 ms and decay ϭ 20 ms. The amplitude of the slow EPSP was scaled to produce a similar reduction in AP current threshold as the fast EPSP in the same cell. 16. These experiments were performed in the presence of ZD7288 (10 M; Tocris, Bristol, UK) to block the effect of the hyperpolarization-activated current I h on somatic EPSP time course (22). APs in these experiments were evoked 5 ms after EPSP onset. In control conditions, there was a smaller but still significant difference between shunting of EPSPs generated at distal (Ͼ200 m) and at more proximal locations (34 Ϯ 5% versus 22 Ϯ 2% of control; n ϭ 10; P Ͻ 0.05). 17. The EPSP shunting was measured before and after application of T TX (1 M) to the dendritic recording site using a puffer pipette. Somatic AP amplitude was unaffected by these applications of T TX (Ϫ4 Ϯ 4% change; P Ͼ 0.05). APs in these experiments where evoked by brief somatic current injections 6 to 7 ms after dendritic EPSP onset. 18. Simulations were performed using NEURON (23) with a time step of 10 s. The single-compartment model consisted of a cylinder 10 m long and 10 m in diameter, with C m ϭ 1 F/cm 2 , R m ϭ 12 k⍀cm 2 and a passive reversal potential of Ϫ65 mV. The synaptic conductance (5 pS) had a reversal potential of 0 mV and exponential rise and decay kinetics, with rise ϭ 0. 3 Intracellular bacteria and parasites typically invade host cells through the formation of an internalization vacuole around the invading pathogen. Plasmodium sporozoites, the infective stage of the malaria parasite transmitted by mosquitoes, have an alternative mechanism to enter cells. We observed breaching of the plasma membrane of the host cell followed by rapid repair. This mode of entry did not result in the formation of a vacuole around the sporozoite, and was followed by exit of the parasite from the host cell. Sporozoites traversed the cytosol of several cells before invading a hepatocyte by formation of a parasitophorous vacuole, in which they developed into the next infective stage. Sporozoite migration through several cells in the mammalian host appears to be essential for the completion of the life cycle.
After Plasmodium sporozoites are injected into the mammalian host by mosquitoes, hepatocyte infection is the next obligatory step. In time-lapse video microscopy observations, sporozoites appeared to enter and exit hepatocytes rapidly [( Fig. 1 and Web movie 1) (1)] as previously described for macrophages (2) . In most cases, hepatocytes survived after parasite entry and exit, but on several occasions cell material was observed leaking into the medium from the site of sporozoite egress, followed by death of the host cell.
To determine whether sporozoites disrupt the hepatocyte plasma membrane while traversing host cells, we used a standard cell wounding and membrane repair assay (3). Wounded cells can be identified by the presence of a cellimpermeant tracer macromolecule within their cytosol, because an open plasma membrane disruption allows the tracer to enter, after which resealing traps it inside the cell. Dead cells, which do not reseal, are not labeled provided that all exogenous tracer is washed away after membrane disruption. Plasmodium yoelii sporozoites, obtained by dissection of infected mosquito salivary glands, were incubated with a mouse hepatoma cell line, Hepa 1-6 (4), in the presence of the cell-impermeant tracer fluorescein isothiocyanate (FITC)-dextran. As a control, Hepa 1-6 cells were incubated with material obtained by dissection of noninfected mosquito salivary glands. After 1 hour, cells were washed to remove all exogenous tracer, then incubated with propidium iodide to detect dead cells. Propidium iodide and dextran-positive cells were found only in cultures incubated with P. yoelii sporozoites (Fig. 2A) . Endocytosed FITC-dextran was observed as a fine dotted pattern in cell cytosol and was easily distinguished from cytosolic dextran (Fig. 2, A and  B) . Increasing numbers of Hepa 1-6 cells containing cytosolic dextran were observed up to 1 hour after incubation, remaining constant after this time (Fig. 2C) . Sporozoite motility and infectivity are also severely reduced after 1 hour of incubation. The percentage of dextran-positive cells varied between 10 and 30% in different sporozoite preparations. The percentage of propidium iodide-positive cells reached ϳ5%, but the total number of dead cells is probably higher because cells detach from the substrate soon after they die. Flow cytometric analysis (FACS) showed similar percentages of dextranpositive cells and revealed an increase in the size of dextran-positive cells, as described for other cells that have suffered plasma membrane wounding and repair (5) .
Wounding of the plasma membrane results in leakage of cytosolic material into the external medium (6) . To test whether sporozoites induce release of cytosol from hepatocytes, we incubated P. yoelii sporozoites with Hepa 1-6 cells previously loaded with the cytosolic fluorescent marker Green Cell Tracker. Plasmodium yoelii sporozoites induced progressive release of this cytosolic marker into the medium (Fig. 2D) . These results indicate that sporozoites induce disruption of the host cell membrane, followed by death or survival of the cell, depending on successful resealing of the plasma membrane.
Sporozoites from different Plasmodium species, including the human malarial pathogen Plasmodium falciparum, displayed similar capacities to induce wounding and repair in Hepa 1-6 cells. Tachyzoites of another apicomplexan parasite, Toxoplasma gondii, also infected Hepa 1-6 cells; however, no dextran-or propidium iodide-positive cells were found in the cultures [Web fig. 1 (1)] . Plasmodium sporozoites induced similar levels of wounding in other types of mammalian cells, such as fibroblast and epithelial cell lines [Web fig. 2 (1) ].
Sporozoite motility was inhibited by three different mechanisms before incubation with Hepa 1-6 cells to investigate if cell wounding was a result of active penetration of host cells by sporozoites: (i) heat inactivation (7), (ii) incubation with the actin-depolymerizing drug cytochalasin-D (8), and (iii) incubation with a monoclonal antibody (mAb) against P. yoelii circumsporozoite protein (anti-CS mAb) (9, 10). All treatments significantly inhibited cell wounding, as measured by a reduction in the
